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Abstract
Considering the constraints from the flavor physics, precision electroweak measurements, Higgs
data and dark matter detections, we scan over the parameter space of the MSSM and calculate
the cross section of e+e− → hγ in the allowed parameter space. Since the loop-induced gauge
couplings hγγ and hZγ can simultaneously contribute to the process e+e− → hγ, we find the cross
section can be sizably enhanced by a light stau, maximally 1.47(1.38) times larger than the SM
prediction at
√
s = 240(350) GeV. So with the high luminosity, the measurement of e+e− → hγ
may be used to test the anomalous gauge couplings hγγ and hZγ in the MSSM at a Higgs Factory.
PACS numbers:
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I. INTRODUCTION
The existence of a 125 GeV Higgs boson has been recently confirmed by the ATLAS
and CMS collaborations at the LHC [1, 2]. The next main step of the LHC searches is
to discover new particles beyond the SM. As one of the most theoretically well-motivated
scenarios for new physics, the Minimal Supersymmetric Standard Model(MSSM) have been
widely studied by the theorists and experimentalists. However, up to now, the LHC has
not found any evidences of the SUSY particles(sparticles). The negative results of direct
searches for sparticles have pushed up the mass limits of the first two generation squarks
and gluino into TeV region [3]. The third generation squarks and non-colored sparticles
have also been constrained in the simplified models [4–6]. But they are still allowed to be at
hundred GeV and may live in some hidden corners, due to their complicated decay modes
[7–10].
In contrast with the direct searches, an advantage of indirect searches lies in the fact that
the results weakly depend on the kinematics configurations of sparticles. In this case, an
alternative way is to find the indirect SUSY signals via loop corrections by the high precise
measurements of the newly discovered Higgs boson at a Higgs factory. Among several
proposals for the Higgs factories, the circular e+e− colliders have been widely investigated,
such as the TLEP [11–13]. The proposed TLEP e+e− collider [13] could be located in a
new 80 to 100 km tunnel in the Geneva area. It would be able to produce collisions at
4 interaction points with centre-of-mass energies from 90 to 350 GeV and beyond and is
expected to make precision measurements at the Z pole, at the WW threshold, at the
HZ cross section maximum, and at the tt¯ threshold, with an unprecedented accuracy. As
comparison with other linear e+e− collider, such as ILC and CLIC, the luminosity expected
at TLEP is between a factor 5 and 3 orders of magnitude larger than that expected for
a linear collider, at all centre-of-mass energies from the Z pole to the tt¯ threshold, where
precision measurements are to be made, hence where the accumulated statistics will be a key
feature. According to the expected high performance of the TLEP [13], about O(106) Higgs
bosons can be produced per year through the Higgs bremsstrahlung process at
√
s ∼ 240
GeV with an integrated luminosity of 10000 fb−1[14–17], which allows to measure the Higgs
boson couplings at a percent level [12, 18]. In addition to these studies, the TLEP also
provides a unique opportunity to examine the various Higgs boson rare productions and
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decays.
In this paper, we investigate the associated production of the SM-like Higgs boson (h)
with a hard photon in the MSSM at the TLEP under the current experimental constraints.
Since the process e+e− → hγ occurs at loop level, it will be sensitive to the contributions
from the new particles. Such a process has been studied some time ago in Refs.[19–22] and
recently studied in Ref.[23] for (un)polarized electron and positron beams. Since the leading
order of e+e− → hγ occurs at one-loop level induced by the electroweak coupling, the cross
section is rather small, but the signal is very clean at a e+e− collider. This allows for a
reasonable hope to observe these events [24] if enough data is collected at a future high-
energy collider. Given the expected high luminosity L = 10, 000 fb−1, there can be about
2,000 events to be obtained at the TLEP with
√
s = 240 GeV. So we can expected that the
TLEP may have a promising potential to detect the process e+e− → hγ. But of course, the
final feasibility study will depend on the future detector and analysis performance of the
TLEP, which is beyond the scope of this work.
On the other hand, due to the recent constraints on the parameter space of the MSSM
from the LHC experiments and the dark matter detections, it is necessary to reevaluate the
size of the SUSY corrections to e+e− → hγ in the allowed parameter space. Besides, The
process e+e− → hγ can be used to probe the anomalous couplings of hγγ and hZγ [25–29].
At the LHC, most measurements of the properties of the Higgs boson are consistent with
the SM expectations [30]. However, the signal strength of diphoton decay mode reported by
ATLAS is considerably larger than the SM prediction [31], and this excess may persist in
the future. In the MSSM, h→ γγ and h → Zγ can be simultaneously enhanced by a light
stau with the large µ and tanβ [32, 33], which will also lead to a significant enhancement
in the process e+e− → hγ. Meanwhile, both ATLAS and CMS experiments have projected
their sensitivities to high luminosities under various assumptions of detector and analysis
performance in Ref.[12]. For rare decays h→ Zγ, since the signal-background ratios is only
about 0.5%, the expected relative precisions on the signal strengths of h→ Zγ at best reach
about 20% at 14 TeV LHC with L = 3000 fb−1. However, according to the study of the
Ref.[12], the production rate of pp→ h→ Zγ in the MSSM at the LHC just is 1.1 times the
SM prediction. So, it is very challenging for the HL-LHC to observe such indirect MSSM
effects in the rare decay h → Zγ. On the other hand, since there is no available studies
of the expected ILC measurement of h → Zγ, we can only estimate h → Zγ by referring
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to the ILC accuracy of h → γγ. At the ILC, the fast simulation studies indicate that
σ · Br(h → γγ) can be measured with an accuracy of 34% using e+e− → Zh at √s = 250
GeV with a luminosity 250 fb−1 [34]. In the SM, the branching ratio of h→ Zγ is about 1.5
times smaller than h → γγ for mh = 125 GeV. This means the events number of h → Zγ
collected by the ILC will be only about 2/3 of h → γγ. In addition, the multiplicity of
final states in h→ Z(→ f f¯)γ may reduce the reconstruction efficiency as comparison with
h→ γγ. So we can infer that the 250 GeV ILC accuracy for h→ Zγ at most reach 34% as
the same as h → γγ, which is expected to be improved to 8.5% for a luminosity 1000 fb−1
at
√
s = 1000 GeV [34]. In this case, a super-high luminosity Higgs factory, such as TLEP,
may be needed to detect the indirect MSSM effects in h→ Zγ.
The paper is organized as follows. In Sec. II. we briefly describe the scan of the parameter
space of the MSSM and the calculations for the process e+e− → hγ. In Sec.III we present
the numerical results and discussions. Finally, we draw the conclusions in Sec. IV.
II. SCAN METHODOLOGY AND CALCULATION OF e+e− → Hγ
In this work, we will aim to examine the enhancement effects in e+e− → hγ and its
correlation with the LHC signal strengths Rγγ and RZγ in the MSSM. Given the previous
results, we focus on the light stau scenario of MSSM, where the loop induced couplings hγγ
and hZγ are found to be enhanced. Note that such a scenario is different from the natural
MSSM with a light stop and light higgsinos. The latter one can be probed by searches for
stop pair production [9] or mono-jet signals induced by the degenerate higgsinos [10]. While
for our scenario, the direct searches for the light stau pair production or precise measurement
of the rare Higgs decay h→ γγ can be used to test it at the LHC [32, 33]. In the MSSM, after
the electroweak symmetry breaking, there are two CP-even Higgs bosons(h,H), one CP-odd
Higgs boson(A) and the charged Higgs bosons(H±). Although the mass of the lighter CP-
even Higgs boson (mh) is smaller than MZ at tree level, it can receive the large radiative
corrections from the stop sector at one-loop level. The leading part of the corrections from
the stop sector can be expressed as [35]
∆m2h( t˜ ) ≃
3m4t
2pi2v2 sin2 β
[log
mt˜1mt˜2
m2t
+
X2t
2mt˜1mt˜2
(1− X
2
t
6mt˜1mt˜2
)] (1)
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where Xt ≡ At − µ cotβ is the mixing parameter of stop. To increase mh to 125 GeV,
it needs the heavy stop masses or a sizable stop mixing parameter Xt. In our study, we
calculate the Higgs mass by using the package FeynHiggs2.10.0 [36] and impose the collider
constraints on the MSSM Higgs sector by using the package HiggsBounds-4.1.0[37]. In order
to get the parameter space of the MSSM allowed by the current experiments, we scan the
following parameter spcae:
1 ≤ tan β ≤ 60, 100 GeV ≤ MA ≤ 1 TeV, 100 GeV ≤ µ ≤ 2 TeV,
100 GeV ≤ (MQ3,MU3) ≤ 2 TeV, 100 GeV ≤ (ML3 ,ME3) ≤ 1 TeV,
−3 TeV ≤ At ≤ 3 TeV, 50 GeV ≤ M1 ≤ 500 GeV. (2)
We fix the first two generation squark soft masses(Mq˜1,2) and gluino mass(M3) at 2 TeV,
and set mU3 = mD3 , At = Ab. We take the grand unification relation 3M1/5α1 = M2/α2
for electroweak gaugino masses. Since the first two generation sleptons are irrelevant to
our study, we decouple them for simplicity. According to Ref.[33], we take Aτ = 0 in our
calculations. The reason is that the enhancement of h→ γγ, Zγ is sensitive to the stau mass
and µ × tan β. So without large Aτ , one can also have a light stau by setting the relevant
soft mass ML3 and ME3 .
In the scan, we consider the following experimental and theoretical constraints:
1. We require that the mass of the light CP-even Higgs for each samples be in the region
of 123 GeV< mh < 127 GeV [36]. At the same time, the current bounds for the Higgs
bosons from LEP, Tevatron and LHC should be satisfied [37];
2. We require our samples to satisfy the B-physics bounds at 2σ level, including B → Xsγ
and the latest measurements of Bs → µ+µ−, Bd → Xsµ+µ− and B+ → τ+ν. We use
the package of SuperIso v3.3 [38] to implement these constraints;
3. By using the package of MicrOMEGAs v2.4 [39], we impose the dark matter constraints
of the neutralino relic density from PLANCK(in 2σ range) [40] and the direct detection
results from LUX (at 90% confidence level) [41];
4. Since the large mixing terms in the stau sector will jeopardize the vacuum stability in
the MSSM [42–45], our samples are required to comply with the vacuum meta-stability
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condition by using the formula in Ref. [45]:
|µ tanβeff| < 56.9√mτ˜Lmτ˜R + 57.1 (mτ˜L + 1.03mτ˜R)− 1.28× 104 GeV
+
1.67× 106 GeV2
mτ˜L +mτ˜R
− 6.41× 107 GeV3
(
1
m2τ˜L
+
0.983
m2τ˜R
)
. (3)
We mainly use the flat scan method to obtain the samples that satisfy our constraints.
But according to the previous studies [32, 33], we extra generate more random points in
the region with large µ × tanβ and light stau to obtain the loop induced coupling hγγ
and hZγ as large as possible. Such method can successfully cover most of the parameter
space that relevant for our study, which has also been used in our group work [33] and
been cross checked by other group [46]. After our scan, we obtain 1078 samples allowed by
the listed constraints (1)-(4) in the above. The values of mA for these samples are larger
than about 350 GeV. Since there is still a large discrepancy between the SM prediction and
experimental results [47], we do not require our samples to explain the anomalous muon
g−2 in our calculations. But it should be mentioned that the large µ× tan β will be helpful
for alleviating this tension in the MSSM.
In the MSSM, the process e+e− → hγ includes the following subprocesses: (i)
s–channel: γ, Z vertex diagrams that are corrected by the charged Higgs boson,
chargino, squark and slepton; (ii) t–channel: hee vertex diagrams that are corrected
by chargino/sneutrino and neutralino/selectron; (iii) box diagrams that involve neu-
tralino/selectron and chargino/sneutrino states. We denote the four-momenta of initial
and final states in the process as
e+(q1) + e
−(q2)→ h(p3) + γ(p4) (4)
All the amplitudes of Eq.(4) are generated by FeynArts-3.9 [48], and are further reduced by
FormCalc-8.3 [49]. The numerical calculations are performed by using LoopTools-2.8 [50].
In order to preserve supersymmetry, we adopt the constrained differential renormalization
(CDR) [51] to regulate the ultraviolet divergence (UV) in the virtual corrections, which
is equivalent to the dimensional reduction method at one-loop level [52]. We numerically
checked the UV cancellation and notice that the Z − γ self-energy mixing term is required
to get the finite results. Note that the infrared singularities may occur in the t−channel
hee vertex and W/Z box diagrams. However, since we keep the electron mass in the loop
functions, infrared singularities that appear as logarithmic singularities ln(me) can cancel
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exactly when all these diagrams are summed. We also checked our results with those of Ref.
[21] by setting the same SM parameters and found they are consistent well. In order to show
the SUSY effects in the process e+e− → hγ, we define the following ratio:
Rhγ ≡ σMSSM(e
+e− → hγ)
σSM(e+e− → hγ) . (5)
III. NUMERICAL RESULT AND DISCUSSIONS
FIG. 1: The dependence of the ratio Rhγ on the lighter stop mass(mt˜1), the lighter stau mass(mτ˜1)
and µ tan β at the TLEP with
√
s = 240, 350 GeV.
In our numerical calculations, we take the input parameters of the SM as [53]
mt = 173.5 GeV, me = 0.519991 MeV, mZ = 91.19 GeV,
sin2 θW = 0.2228, α(m
2
Z)
−1 = 127.918. (6)
We keep the same Higgs mass for the calculation of e+e− → hγ in the SM and MSSM.
In addition, since we use the loop-corrected Higgs mass in the phase space, we should also
correct all involved Higgs couplings in order to get the SM result of e+e− → hγ in the
decoupling limit. Such calculations can be done by correcting the mixing angle α and the
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CP-even Higgs masses [21]. It should be noted that the only one exception is the trilinear
couplings of the CP-even Higgs boson couplings to charged Higgs bosons and Goldstones
that could not be completely mapped into the corrections to the angle α. We correct these
couplings as the Ref.[54]
In Fig.1, we present the dependence of the ratio Rhγ on the lighter stop mass(mt˜1), the
lighter stau mass(mτ˜1) and µ × tan β at the TLEP with
√
s = 240, 350 GeV. We can see
that the large values of Rhγ are obtained when the masses of sparticles involving in the
loop become small. Due to the s-channel suppression, the cross section of e+e− → hγ for
√
s = 350 GeV is smaller than the one for
√
s = 240 GeV. The maximal value of Rhγ can be
1.47(1.38) times larger than the SM prediction at
√
s = 240(350) GeV, which corresponds to
the cross section to be 0.147(0.0493) fb in the MSSM. When the stop mass becomes heavy,
the value of Rhγ will be small but can still be enhanced by a light stau with large µ× tan β.
The reason is that the dominant contribution of sfermions to e+e− → hγ comes from the
stau loop, which can be understood from the followings: the leading part of the amplitudes
of the sfermions loop is proportional to (gaAf˜ + gbµ× tanβ) sin 2θf˜/m2f˜1 [21]. To satisfy the
requirement of the Higgs mass, heavy stops or a large mixing parameter At is needed. The
light t˜1 can be obtained by the large At but accompanies with a heavy t˜2. This will lead to
a small stop mixing angle θt˜ and reduce the stop loop contribution. However, the light stau
can be achieved without a large Aτ by setting the relevant soft mass parameters ML3 and
ME3 [32]. So only a light stau with a large value of µ× tan β can sizably contribute to the
process e+e− → hγ.
In Fig.2, we show the effects of mχ˜±
1
and mτ˜1 in the ratio Rhγ . We can see that when
the mass of χ˜+1 is below 400 GeV, the mass of τ˜1 is always smaller than about 200 GeV.
This is because that such a light stau is needed to co-annihilate with the neutralino dark
matter(χ˜01) to guarantee the correct dark matter relic density [55, 56]. Due to the imposed
GUT relation between M1 and M2, the dominant component of LSP in our case is bino-like
with a mass larger about 50 GeV. The LUX exclusion can probe deeply into the Higgsino
and Wino components. After imposing LUX, the wino and higgsino fractions of the LSP
for our surviving samples are further constrained and each of them consists of less than 7%.
We also find that the contribution of light χ˜+1 loop is much smaller than the light stau loop.
It is because that the coupling Chχ˜+
1
χ˜−
1
is determined by the component of χ˜+1 , which can be
large only when χ˜+1 is a mixture of higgsino and wino [57]. But in the mass range mχ˜+
1
. 400
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FIG. 2: The dependence of the ratio Rhγ on the lightest chargino mass(χ˜
±
1 ) and the lighter stau
mass(mτ˜1) at the TLEP with
√
s = 240, 350 GeV. The bound on the m
χ˜+
1
is taken from the right
panel of Fig.8 in Ref. [58].
GeV, we find that χ˜+1 is dominated by wino, which will highly suppress the contribution of
χ˜+1 loop. Besides, the light wino-like chargino in our study may be constrained by the latest
results from the searches for χ˜±1 χ˜
0
2 at the LHC [58]. In our calculations, since we decouple the
contributions of the first two generations of slepton and assume the GUT relation between
M1 and M2, we estimate the impact of this bound on Rhγ by simply using the result for
mχ˜2
0
= 2mχ˜1
0
on the right panel of Fig.8 in the ATLAS paper [58], where χ˜02 and χ˜
±
1 are
assumed to be pure winos. We can see that the values of Rhγ are slightly reduced by this
constraint. However, it should be noted that this direct search bound can become weak
when a small portion of higgsino is involved in χ˜02 and χ˜
±
1 . So, given these considerations,
we do not impose this constraint in our study.
In Fig.3, we study the correlation of Rhγ at the TLEP with the signal strengthes Rγγ and
RZγ at the LHC, which are defined as followings:
Rγγ ≡ σMSSM(pp→ h→ γγ)
σSM(pp→ h→ γγ) , (7)
RZγ ≡ σMSSM(pp→ h→ Zγ)
σSM(pp→ h→ Zγ) . (8)
We adopt the narrow width approximation method to calculate the processes pp → h →
γγ, Zγ. Since the dominant production is from the gluon fusion, the total cross section
σ(pp → h → γγ, Zγ) can be approximately written as σ(pp → h → γγ, Zγ) = σ(gg →
h)× Br(h→ γγ, Zγ). In the calculation of gg → h, we use 2-loop evolution for the strong
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FIG. 3: The correlations of Rhγ at the TLEP for
√
s = 240, 350 GeV with Rγγ and RZγ at the
LHC.
coupling constant αs(µ) with QCD parameter Λ
nf=5 = 226 MeV and obtain αs(mZ) =
0.118. We take CTEQ6M as the parton distribution functions (PDF) [59] and set the
renormalization scale µR and factorization scale µF to be µR = µF = mh. Note that, the
dependence of results on the PDF and scale setting is very weak because of the cancelation
between numerator and denominator in the ratios. It can be seen that the ratio Rhγ is
approximately proportional to Rγγ and RZγ. The reason is that the loop-induced couplings
hγγ and hZγ can simultaneously contribute to the process e+e− → hγ, when both of
Rγγ and RZγ get the enhancement from light stau, Rhγ can be significantly enhanced and
maximally reach about 1.47(1.38) at the TLEP with
√
s = 240(350) GeV. This correlation
behavior is different from some non-SUSY models predictions [28, 29], and may be used as
complementary way to discriminate new physics models. Therefore, the measurement of
e+e− → hγ at the TLEP may be helpful to test the anomalous gauge couplings hγγ and
hZγ in the MSSM.
IV. SUMMARY AND CONCLUSION
In spite of the discovery of the Higgs boson, the precise measurement of the Higgs boson
and the searches for new physics beyond the SM are just starting. In particular, the rare
productions and decays of the Higgs boson that sensitive to the new physics are worth
thoroughly exploring at the future colliders. However, given the limited capability of the
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LHC, it is necessary to consider those rare processes at a e+e− collider. In this paper,
we investigate the rare production process e+e− → hγ that involves two sensitive loop
induced couplings hγγ and hZγ in the MSSM at a future Higgs factory, such as TLEP with
√
s = 240, 350 GeV. We found that the MSSM corrections can enhance the cross section to
be 0.147(0.0493) fb by a light stau with large tanβ × µ at √s = 240(350) GeV. By virtue
of the high luminosity of TLEP, such a rare process may have a potential to be observed
at TLEP. Besides, we analyzed the correlation between the e+e− collider signal strength
Rhγ and the LHC signal strengths Rγγ and RZγ. We found that they have a strong positive
correlation, which is different from some non-SUSY models predictions. So such a correlation
behavior may play a complementary role to discriminate new physics models in the future.
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